The initial stage of nanoparticle formation and growth in radiofrequency acetylene ͑C 2 H 2 ͒ plasmas is investigated by means of a self-consistent one-dimensional fluid model. A detailed chemical kinetic scheme, containing electron impact, ion-neutral, and neutral-neutral reactions, has been developed in order to predict the underlying dust growth mechanisms and the most important dust precursors. The model considers 41 different species ͑neutrals, radicals, ions, and electrons͒ describing hydrocarbons ͑C n H m ͒ containing up to 12 carbon atoms. Possible routes for particle growth are discussed. Both positive and negative ion reaction pathways are considered, as consecutive anion-and cation-molecule reactions seem to lead to a fast build up of the carbon skeleton.
I. INTRODUCTION
Thin films of hydrogenated amorphous carbon ͑a -C:H͒ are routinely deposited by the plasma enhanced chemical vapor deposition ͑PECVD͒ technique by decomposition of hydrocarbon gases such as methane or acetylene. These carbon-based coatings with extraordinary material properties ͑i.e., a combination of high hardness, chemical inertness, low abrasive coefficient, and infrared transparency͒ are of great interest for a myriad of industrial applications, including tribological materials ͓1,2͔, passivation layers ͓3͔, and field emission cold cathodes for future flat-screen displays ͓4-6͔. Deposition at low pressure and high power generally leads to the fabrication of so-called diamondlike carbon layers, which are frequently used as antiwear coatings for machine tools, and as hard protective coatings on computer hard disk drives, optical windows, and microelectromechanical devices ͓3,7-9͔.
Even though the PECVD technique has the ability of creating uniform thin films on a wide variety of substrates, it can have the disadvantage of generating nano-or micrometer-sized particles, causing the creation of dusty plasmas or complex plasma systems. The nucleation of these nanoparticles in the gas phase usually limits the growth rate of the film and equipment utilization, as the incorporated dust particles can cause film delamination, structural voids, and dislocations that ultimately lead to malfunctioning devices. The problem is especially acute in the microelectronics industry, where dust is considered as a leading source of yield loss in the processing devices. During a number of years the main research goal of plasma processing reactors was to control this contamination, either by removal of the formed dust particles from the ionized gas phase or by preventing contact with the processing area. Recently, however, it was found that nanoparticles can also play a positive role in certain material science applications. Efficient electron emission has, for example, been observed from amorphous carbon thin films composed of nanoparticles ͓10,11͔, making them a promising material for the fabrication of field electron emitters. Due to their large surface to volume ratio, the layers are also introduced in the catalytic and electromechanical industry for the construction of nanoscale materials ͓3,10͔.
In order to control the nanoparticle growth and physical properties in all the above-mentioned and future technological applications, a fundamental understanding of the particle formation mechanisms and dynamics is indispensable. Comprehension of these aspects can help in finding efficient ways to either eliminate "killer" particles or enhance structural incorporation of nanoparticles under the control of their size and morphology. Although in the silicon industry widespread research has dealt with the reaction kinetics and nanoparticle formation chemistry of silane plasmas ͓12-15͔, very little attention has so far been paid to hydrocarbon dusty plasmas and hence the conditions for carbonaceous dust formation are not well understood.
In the present study acetylene ͑C 2 H 2 ͒ is considered as an example of the hydrocarbon discharge chemistry, as it yields more highly polymerized ions than methane ͑CH 4 ͒ and also has a much stronger and faster tendency to produce dust ͓16͔. Other hydrocarbon gas mixtures also tend to produce dust, particularly when a sufficient amount of acetylene is present ͓17͔. It is generally assumed that in chemically active plasmas, such as acetylene, particles emerge as a result of numerous consecutive chemical reactions in the ionized gas phase, known as gas phase polymerization ͓17͔. So far a few experimental and theoretical studies on the chemical kinetics of acetylene discharges have been made. Doyle ͓18͔ proposed a simple reaction mechanism that accounts for the production of C 4 H 2 and C 6 H 2 species and the film deposition rate. Attention was mainly focused on the neutral chemistry and it was assumed that ions play a minor role in the overall *Electronic address: kathleen.debleecker@ua.ac.be plasma chemistry. Appropriate estimations for several rate constants are made based on the experimentally measured partial pressures of the product gases H 2 , C 4 H 2 , and C 6 H 2 . It was concluded that the film growth is mainly dominated by the radicals C 4 H 3 , C 6 H 3 , and C 2 H. Herrebout et al. ͓19͔ developed a one-dimensional ͑1D͒ fluid model that describes the base reaction mechanism of small species in a typical rf acetylene discharge, but did not include any dust growth. Consequently, no electron attachment to acetylene and, hence, no negative ions that can undergo ion-neutral reactions leading to the formation of larger particles have been taken into account in the model. Deschenaux et al. ͓16͔ presented a comprehensive mass spectrometry study of a dusty rf acetylene plasma. The positive and negative ion mass spectra clearly showed the formation of higher-mass hydrocarbon cations and anions up to nearly 200 amu corresponding to species containing 14-15 carbon atoms. Their results indicated the existence of several pathways that may lead to effective particle production. Stoykov et al. ͓20͔ recently developed a zero-dimensional chemical kinetic clustering model that considers the growth of linear chain and cyclic hydrocarbon molecules containing up to ten carbon atoms. Although the model contains a diverse number of chemical reactions ͑including electron attachment, neutralization, and even diffusion losses to the discharge walls͒, Stoykov et al. did not investigate the role of positively charged hydrocarbon clusters and even assumed a constant C 4 H 2 + positive ion concentration in order to provide for a constant degree of ionization. The observation of highermass hydrocarbon cations in the positive ion mass spectrum seems, however, to warrant their explicit consideration as a possible route of powder formation. Furthermore, a primary ionic reaction sequence starting from C 2 H 2 + has already been defined from the mass spectrometry measurements of Vasile and Smolinsky ͓21͔.
Hence, even for simple monomers like acetylene the generation of hydrocarbon nanoparticles seems to be a very complex process that is mediated by a large number of elementary reactions in the ionized gas phase. The objective of this paper is to provide an extensive investigation of the initial stage of nanoparticle generation, i.e., particle nucleation, in a capacitively coupled acetylene rf discharge by means of a self-consistent one-dimensional fluid model. In order to obtain more insight into the complexity of the carbonaceous plasma a detailed chemical kinetic scheme has been developed. In our model the electron kinetics and the plasma chemistry as well as the deposition process are described in a fully self-consistent way, and the model thus inherently also incorporates a coupling between the growth of the particles and the changes they induce in the plasma properties. Furthermore, by solving the electron energy distribution function ͑EEDF͒ using the Boltzmann equation in a two-term approximation we are able to obtain the electron collision rates and the electron transport coefficients as a function of the average electron energy. Hence, in contrast to the numerical model of Stoykov et al. ͓20͔ we do not assume a Maxwellian distribution, as the EEDF can often deviate significantly and is influenced by the composition of the background gas ͓22͔. A similar fluid model has recently also been developed to investigate the initial cluster formation mechanisms of hydrogenated silicon particles in pure silane discharges ͓15,23͔. The dust formation pathway is in that case mainly dominated by anion-induced chain reactions which are mostly triggered by the SiH 3 − anion ͓15͔. In the present model the most important mechanism of carbonaceous dust formation is by the stepwise integration of consecutive ion-molecule reactions that lead to the formation of larger hydrocarbon species. Since particle nucleation is at this point our main interest, hydrocarbons containing up to a maximum of 12 carbon atoms have been included. Presumably both positive and negative ions play a role in the initial phase of particle formation, as the mass spectrometry measurements reveal the same features in both the anion and cation mass spectra. Due to the lack of exact data on several processes in the acetylene discharge some approximations had to be made, which were validated against the information obtained from the experimental mass spectra of Deschenaux et al. ͓16͔ . Additional information could also be collected from the reaction mechanisms that are used to predict the nucleation of soot particles during combustion in hydrocarbon flames and arcs ͓24,25͔. Carbonaceous dust plays additionally a role in astrophysics as the precursor for planet and carbon-rich circumstellar envelope formation ͓26͔.
Further chain propagation will eventually lead to the formation of nano-and micrometer-sized particles that will quickly acquire a negative charge due to the collection of plasma ions and electrons and are confined to some well-defined regions of the plasma by the dynamic balance of the ion drag and thermophoretic and other existent forces ͓27,28͔. In the end gravity pulls the particles out of the discharge.
The structure of the paper is as follows. An overview of the model is given in Sec. II, including a detailed description of all the relevant particle growth mechanisms that are introduced in the chemical kinetic scheme. The numerical results are discussed in Sec. III. Besides a description of the particle density profiles, theoretically predicted mass spectra have been deduced from the fluxes of the different positive and negative ions toward the discharge walls and are compared with the experimental data. The effect of hydrogen dilution on the propensity of higher-polymerized-ion formation is also studied. Finally, the conclusions are given in Sec. IV.
II. MODEL DESCRIPTION
A capacitively coupled radio-frequency discharge ͑13.56 MHz͒ in a parallel plate reactor is simulated. Due to the large number of species and reactions treated in the plasma module a fluid modeling approach is warranted in order to accurately describe the first stage of particle formation in a reactive acetylene plasma. No particle-in-cell Monte Carlo method is required, since we do not reach very low pressures where the mean free path becomes comparable to the gap between the electrodes ͓29͔. First, a general overview of the fluid model is provided, followed by a comprehensive description of the different species and the particle generation mechanisms.
A. Mass, flux, and energy balance equations
In a 1D fluid model particle, momentum and energy density balance equations are derived from the velocity moments of the Boltzmann equation. The Poisson equation, needed to calculate the electric field, is coupled to the balance equations, making the model fully self-consistent. Typical calculation results include the density profiles and fluxes of the different species, as well as discharge quantities such as the electric field and potential, all as functions of space and time. For every plasma species ͑electrons, ions, radicals, and molecules͒ a density balance equation is constructed that takes into account all different production and loss mechanisms:
where n j , and ⌫ j are the particle's density and flux, respectively, and S j describes the different source and sink terms of particle j, i.e., formation and destruction. The gas inlet and pumping are also incorporated by means of additional source and sink terms.
In the model the momentum conservation equation is replaced by a drift-diffusion approximation; hence, the transport equation is reduced to a diffusion term for the neutral species ͑radicals and molecules͒ and consists of two separate terms, i.e., a migration and a diffusive term, in the case of charged particles ͑ions and electrons͒:
j and D j are the mobility and diffusion coefficient of particle j, and E represents the electric field. Note that for the ions an effective electric field E ef f is considered that compensates the inertia effects originating from the ions' lower momentum transfer frequency.
An energy balance equation is incorporated for the electrons:
which includes Ohmic heating and the loss of energy due to electron impact collisions, described by the first and second terms on the right-hand side, respectively. ⑀ is the average electron energy and ⌫ w represents the electron energy density flux:
The source terms of the electron impact collisions are obtained from the electron energy distribution function and are expressed as a function of the average electron energy ⑀. No energy balance equation is included for the ions and neutrals, as they are assumed to be in thermal equilibrium with the background gas. Finally, the Poisson equation is needed to obtain the electric field E and the potential V self-consistently:
where n + , n − and n e denote the positive ion, negative ion, and electron density, respectively. The system of nonlinear coupled differential equations is solved numerically on an equidistant mesh containing 64 different grid points. The spatial discretization of the balance equations is based on an implicit finite-difference technique using the Scharfetter-Gummel exponential scheme. Convergence of the fluid model is reached when the relative changes of the discharge parameters between two succeeding rf cycles are less than 10 −6 . The time step within a rf cycle ͑13.56 MHz͒ is set to 9.2ϫ 10 −10 s ͑i.e., the rf cycle is divided into 80 time steps͒. For further description of the applied discretization schemes and solution procedures we refer to ͓22͔.
B. Plasma chemical kinetics
The generation of nanometer-sized particles in reactive acetylene plasmas is a very complex process that is mediated by a large amount of chemical reactions in the ionized gas phase. First, small species ͑e.g., radicals, ions, atoms, and molecules͒ are generated by electron impact decomposition of the C 2 H 2 feed gas. Larger clusters can then be formed as a result of consecutive polymerization reactions, which are triggered by certain reactive precursors. In order to describe this nucleation process, a detailed chemical kinetic scheme has been developed. In our model we account for 92 volume reactions involving 20 neutral and 21 charged species and consider hydrocarbons containing up to a maximum of 12 carbon atoms. Since exact data on the molecular level of the C 2 H 2 discharge chemistry are sometimes lacking, a few approximations had to be made. These applied assumptions, and thus also the model, are validated by comparing our acquired results with the experimentally obtained mass spectra shown in Fig. 1 , reproduced from Deschenaux et al. ͓16͔ ͑see below for a detailed discussion͒. In the following paragraphs a comprehensive description is given of the most important species and all the relevant reaction mechanisms. Table I provides an overview of the 40 different species considered in the plasma module, besides the electrons. The type of species included in the model is based on experimental observations, like the mass spectra illustrated in Fig. 1 . The absence of hydrocarbon molecules with an odd number of carbon atoms is a distinct feature of acetylene discharges. The typical spectral pattern in Fig. 1 shows the clear dominance of species with an even number of carbon atoms indicating that the strong carbon triple bond of the initial acetylene molecule ͑H u C w C u H͒ persists upon consecutive integration of acetylene in larger building units. Therefore, mostly carbon species with an even number of carbon atoms have been incorporated.
Species included in the model
The largest species considered in our model include twelve carbon atoms. C 2 H 2 and H 2 are the main neutral molecules. Although their vibrationally excited levels are not represented by separate species in our model, the major energy loss due to electron impact vibrational excitation is taken into account ͑see Table II͒ . In order to reduce the computational effort, we simply treat the vibrationally excited states as ground state molecules, thus not requiring a separate calculation of their concentration. Higher-order hydrocarbon molecules ͑C 2n H 2 ͒, such as diacetylene, are also present at relatively high densities and thus cannot be excluded. Mainly carbon-rich species C m H n with m Ͼ n have been inserted, since a low hydrogen content is typically observed in many of the generated hydrocarbon species in the acetylene discharge ͓16,36͔. For the ions both positive and negative ions up to 12 carbon atoms are considered, as they presumably both play a role in the initial stage of particle generation. Since the role and presence of aromatic compounds in the carbonaceous dust production of lowtemperature acetylene plasmas is still unclear, no cyclic rings have been included in the present chemical kinetic scheme ͑for further explanation see Sec. II B 8͒.
Electron collisions
Acetylene molecules can be excited, dissociated, or ionized through various electron impact collisional processes resulting in the formation of radicals, ions, and atoms. Calculation of the rate constants of these electron-induced reactions requires the knowledge of the electron energy distribution function, as well as the energy-dependent cross sections. By solution of the EEDF from the two-term expansion of the Boltzmann equation and the known cross sections, we can obtain the electron collision rates as a function of the average electron energy. Figure 2 shows the various cross sections for electron impact on C 2 H 2 and H 2 used to calculate the rates of the electron reactions presented in Table II . The number on each curve refers to the reaction number specified in Table II . For a better visualization of their profile, the electron impact ionization cross sections are plotted on a larger energy scale in Fig. 2͑b͒ , while cross sections that exhibit a lower energy threshold ͑i.e., dissociation, vibrational excitation, and dissociative attachment͒ are shown in Fig. 2͑a͒ . The threshold energies and references of the 23 electron-neutral reactions are outlined in Table II. a. Ionization. Acetylene is unique in that it does not readily lose hydrogen atoms or hydrogen molecules on electron impact ionization, which manifests itself in cross sections that exhibit a relatively high energy threshold for dissociative ionization processes. Electron impact ionization of C 2 H 2 produces C 2 H 2 + , whereas dissociative ionization can produce C 2 H + , C 2 + , CH + , C + , and H + . Partial cross sections for the various ionic fragment channels have been accurately measured ͑uncertainty ഛ10%͒ by Tian and Vidal ͓37͔ in the electron impact energy range varying from threshold to 600 eV. Janev and Reiter ͓30͔ extended these data to higher energies, i.e., beyond 1000 eV, and have fitted both the total and partial ionization cross sections to one appropriate analytic expression, 
where I c has a value equal or close to the appearance potential and E is the collision energy, both expressed in eV. A j represent the different fitting parameters for each partial cross section. When the number of fitting parameters is set to six, a deviation with a rms no larger than 2-3% is attained ͓30͔. For every electron impact ionization the parametric I c and A j values are given in Table XVIII of Ref. ͓30͔. The ionization cross sections seem to be characterized by a relatively steep rise immediately after the threshold, a broad maximum in the energy region of 70-100 eV, and a drop beyond the maximum in the form of E −1 ln͑E͒. For the production of C 4 H 2 + and C 6 H 2 + from C 4 H 2 and C 6 H 2 , respectively, the C 2 H 2 electron impact ionization cross section has been used as an approximation, since no data concerning their cross sections are available in literature.
b. Dissociation. Electron-induced dissociation of C 2 H 2 mainly forms the ethynyl radical C 2 H by hydrogen abstraction. Unfortunately, to our knowledge the cross sections for neutral production from C 2 H 2 have not been determined. The threshold for electron impact dissociation should, however, typically be several eV lower than the threshold for electron impact ionization. As an approximation the electron impact dissociative excitation ͑DE͒ of C 2 H 2 to C 2 H radicals has been adopted. An appropriate analytical expression for the C 2 H production can be derived from the general expression for the total dissociative excitation cross section of C 2 H y molecules proposed by Janev and Reiter ͓30͔,
where F 2 DE is equal to 1.704 in the case of C 2 H 2 , E th , and E are the threshold and the collision energies expressed in eV units, respectively, and e is the base of the natural logarithm. The cross section for the particular dissociative excitation channel
can be obtained from the relation ͓30͔,
where R DE ͑C 2 H/C 2 H 2 ͒ is the branching ratio for the C 2 H DE channel, which depends on the energy of the impinging electron, 
with =1−R DE Ј and the parameter ␤ Х 1.5. The asymptotic value R DE Ј for C 2 H is equal to 0.51 ͓30͔.
The approach of using the electron dissociative excitation process for the calculation of the unknown dissociation cross section seems warranted when comparing our obtained reaction rate coefficient with other reported estimates. At the average electron energy of 3 eV we obtain a rate constant of 1.29ϫ 10 −16 m 3 s −1 , which is very close to the value suggested in the theoretical and experimental work of Tibbitt et al., i.e Dissociation or hydrogen abstraction can also occur from higher-mass hydrocarbon molecules C 2n H 2 ͑with n =2-6͒ ͑see reactions 17-21 in Table II͒ . Since the dissociation energy for a carbon-hydrogen bond fissure mainly depends on the chemical bond structure of the involved carbon atom, the C 2 H 2 dissociation cross section can also be applied.
c. Vibrational excitation. Even though the vibrational modes are not regarded separately in the model, the vibrational excitation of the background C 2 H 2 and H 2 molecules is considered in the Boltzmann equation for the proper calculation of the electron energy. For C 2 H 2 the differential cross sections for the excitation of the 2 ͑symmetric C w C stretching͒, the 3 ͑asymmetric stretching͒, and the 5 ͑asymmetric bending͒ vibrational modes have been measured in detail by Kochem et al. ͓39͔ for impact energies of the electrons from threshold to 3.6 eV. The cross sections show a shape resonance of 2 ⌸ g symmetry around 2.6 eV and are characterized by a steep threshold at the vibrational energies. The study of the vibrations 1 , symmetric C u H bending, and 4 , symmetric bending, is more limited because these Raman-active modes are not strongly excited in this energy region and thus overlap with the stronger infraredactive 3 and 5 modes, respectively, which prohibits their separate incorporation.
As for C 2 H 2 , the first three fundamental vibrational modes of H 2 ͑H 2 with =1-3͒ are not treated as separate species, although the vibrational excitation of the ground state hydrogen molecules is taken into account in the Boltzmann solver.
d. Electron attachment. Given the difficulty of adding an electron to the filled valence shell of the C 2 H 2 molecule, the acetylene anion C 2 H 2 − lies at a higher energy than the acetylene neutral ground state, and is thus unstable with respect to autodetachment ͓40͔. A stable C 2 H − anion can, however, be produced by dissociative attachment on C 2 H 2 , as the ethynyl radical features a sufficiently large electron affinity of approximately 3 eV,
A cross section for the dissociative electron capture on C 2 H 2 has been proposed by Rutkowsky et al. ͓32͔ , who investigated the negative ion formation for a few simple hydrocarbon molecules in the energy range of 0 -15 eV. Two separate peaks with a sharp resonantlike behavior can be distinguished with a first maximum of ϳ7 ϫ 10 −24 m 2 around 3 eV, as seen in Fig. 2͑a͒ . In spite of the fact that the electron attachment cross section is about three or four orders of magnitude lower than the respective ionization cross sections for the production of positive ions, it can still produce a substantial amount of negative ions in the plasma. Indeed, due to their negative charge the anions will remain confined in the plasma bulk by means of the action of the ambipolar potential and have a longer residence time in the discharge com-FIG. 2. Cross sections of the electron impact collisions of C 2 H 2 and H 2 : ͑a͒ vibrational excitation, dissociation, and dissociative attachment; ͑b͒ electron impact ionization. The number on each curve refers to the reaction number specified in Table II . Curves 1 and 10 have also been used as an approximation for the unknown cross sections of reactions 22,23 and 17-21, respectively ͑see text͒. pared to the other species. Therefore, even modest production rates are capable of producing sufficient anions, which can only be lost in the gas phase either by mutual recombination with a positive ion or by electron detachment ͓15͔.
No dissociative attachment on H 2 has been considered, since the formation of H − anions involves the constraint of two successive reactions leading to a concentration that proved to be insignificant in our calculations ͓15͔.
General aspects of the chemical clustering reactions
Starting from the small acetylenic compounds a series of chemical reactions has been gradually incorporated in the 1D fluid model that leads to the formation of larger hydrocarbons containing up to a maximum of 12 carbon atoms. Tables III and IV, respectively, delineate the different ionmolecule and molecule-molecule processes that are incorporated in the present model. For the temperature-or pressuredependent rates the general reaction rate notation is given. The rate constants in Tables III and IV reflect the rates at a gas temperature of 400 K and a gas pressure of 40 Pa. In the following paragraphs the relevance of the various possible particle generation pathways in low-pressure discharges will be discussed in more detail. Figure 3 provides a schematic representation of the main reaction pathways included in the model that underlies the growth of larger hydrocarbons in the acetylene discharge.
Reactions involving anions
Negative ion reactions are usually not incorporated in the modeling of hydrocarbon discharges, although the electron attachment to acetylenic compounds and the following incorporation of the anions in neutral molecules can lead to highmass carbon anions that may finally play an important role in the carbonaceous dust generation. The primary C 2 H − anions, formed through the electron impact dissociative attachment on C 2 H 2 , can trigger a consecutive chain of polymerization reactions that generally evolves as follows:
and is commonly referred to as the Winchester mechanism ͓10͔. According to the spectral pattern of the negative ion mass spectrum, shown in Fig. 1͑b͒ , the repeated insertion of acetylene molecules results in an anion sequence with nearly pure carbon anions that peaks at the C 2n H − species. Therefore, similar to anion-neutral reactions in silane discharges ͓15͔, every anion-acetylene chain process is accompanied by the extraction of a hydrogen molecule and leads to the production of anions in which the carbon atoms are bound to only one hydrogen atom, thus representing linear polyalkynes that contain alternate single and triple bonds. Due to the pair of strongly bound carbon atoms of the initial acetylene, only even-numbered carbon anions have to be considered.
So far no precise rate coefficients for these anion chain reactions can be found in the literature. Only a theoretical 
where ␣ i in Å 3 represents the polarizability of the neutral atom or molecule i, and m ij is the reduced molecular mass in amu units,
of the two reacting species. Hence, for the repeated insertion of acetylene molecules, with a polarizability of 3.49 Å 3 ͓50͔, the Langevin formula predicts a maximum rate constant of the order of 10 −15 m 3 s −1 . Since the Langevin rates are known to overestimate the actual reaction rates, a smaller value should be adopted. Based on the experimental suggestion in ͓14͔, the rate coefficient for the anion reactions is set to 10 −18 m 3 s −1 . Indeed, our calculations have shown that the implementation of larger reaction rates results in an increasing number density of higher-mass hydrocarbon anions, which is not consistent with the decreasing trend observed in the negative ion mass spectrum shown in Fig. 1͑b͒ .
In theory the anions can also react with higher-order hydrocarbon molecules ͑C 2n H 2 ͒. Given that the C 4 H 2 concentration, and especially that of higher-mass hydrocarbons, represents at most a few percent of the gas mixture, these reactions are not considered in the present model due to their insignificant contribution in comparison to reactions with acetylene.
Reactions involving cations
In contrast to silane plasmas, no kinetic bottleneck prevents the formation of larger hydrocarbon positive ions that appear to polymerize to the same extent as the negative ions ͑see Fig. 1͒ and the positive ion route can thus not be disre- where for any given ion-acetylene reaction the degree of hydrogenation and thus the specific ionic product seems to depend on the carbon number within the molecule and is determined by the extent of collisional stabilization and subsequent breakdown of the chemical intermediate ͓21͔.
Identical condensation reactions have also been invoked as a potential nucleation pathway in the soot formation chemistry of hydrocarbon flames and may also play an important role in the interstellar media. which lead to the respective production of C 8 H 4 + and C 8 H 6 + . No particular data on the reaction product of ionic condensation reactions with larger hydrocarbons cations exist. Therefore, for every cation containing more than six carbon atoms ͑i.e., C 2n H m + with n Ͼ 3͒ the specific ionic product, and thus the number ͑m͒ of hydrogen atoms assumed in our model, is based on the most relevant peak that is present in the cation mass spectrum at the corresponding carbon atom number 2n ͓see Fig. 1͑a͔͒ . As for the anions, the positive ion mass spectrum shows a clear dominance of species with an even carbon atom number which seems to peak at hydrocarbon cations having a relatively low hydrocarbon content. Based on the slowly decreasing reactivity observed in the successive condensation reactions, the reaction rate coeffi- cient of the larger positive ions has been estimated to be around 1.0ϫ 10 −16 m 3 s −1 . The ionic fragments C + , CH + , and C 2 + , formed through dissociative ionization of acetylene, can also react with C 2 H 2 via condensation with loss of H or H 2 , forming C 3 H + , C 3 H 2 + , and C 4 H + , respectively. Although all reactions are rapid with rate constants close to the collision limit, these reactions are not taken into account in the model, since the concentration of the reacting ions is too low to provide for a significant contribution.
Ion-ion mutual neutralization
Besides fast polymerization reactions, positive and negative ions can undergo mutual neutralization, which represents the most significant loss mechanism for the anions since they are not able to reach the reactor walls due to the positive plasma potential. The rate constant k N of the general mutual neutralization
is only weakly dependent on the nature of the ion ͓49͔. An appropriate scaling formula as a function of the electron affinity A e of the parent neutral radical of the anion and the ion-ion reduced mass m ij has been derived by Hickman ͓43͔,  
͑19͒
in which T gas is the gas temperature in kelvin and A e and m ij are in eV and amu units, respectively. The corresponding electron affinities are taken from ͓51͔ and seem to be quite large, being in the range of 2 -4.4 eV. Anion neutralization with H 2 + and every hydrocarbon positive ion has been taken into account ͑see Table III , reactions 14 and 15͒. In our model the neutralized forms of the larger hydrocarbon cations ͑C m H n + with m ജ 6 and n ജ 4͒ are not explicitly considered as they are assumed to diffuse back into the background gas. Based on the formula derived by Hickman H 2 + seems to be the most efficient collision partner. A further small spread in the reaction rate coefficients of the anions with a certain cation can be observed: a decreasing trend for k N with the extent of anion polymerization directly follows from the increase in electron affinity with the number of carbon atoms.
Neutral collisions and C 2 H insertion reactions
Gas phase reactions between neutrals can also produce higher-molecular-weight compounds. The ethynyl radical C 2 H, produced by dissociation of acetylene, is known to be a very reactive intermediate which may eventually initiate a polymerization process. Insertion of C 2 H into C 2 H 2 first produces diacetylene and atomic hydrogen through the following condensation reaction:
The diacetylene forms then the basis for the production of large polyunsaturated hydrocarbon molecules C 2n H 2 by further insertion of C 2 H,
Note that the additional production of C 4 H 2 molecules through recombination of two reactive ethynyl radicals seems to be excluded by shock-tube studies ͓52͔. For the larger C 2n H 2 molecules a corresponding C 2n H radical can be generated by electron-induced C -H bond breakage ͑see Table II͒ which may play an important role in the deposition process. Other radicals that are important for film growth, e.g., C 2n H 3 , are produced from the polyacetylene C 2n H 2 molecules by hydrogen insertion. Due to the presence of a large amount of atomic hydrogen from the dissociation of H 2 , these types of processes cannot be excluded from our model.
Role of aromatic compounds
So far only reactions with linear polyalkyne carbon chains have been considered, since the tendency to aromatic ring generation in low-temperature hydrocarbon plasmas still remains an open issue. In high-resolution mass spectrometry measurements the emergence of hydrocarbons including six carbons and a larger number of hydrogen atoms might be interpreted as a change in carbon cluster structure. In order to investigate the possible role of aromatic compounds in hydrocarbon plasmas and their subsequent role in dust growth, data on the aromatic chemistry are needed, which seem to be unavailable for low-temperature plasmas. Polycyclic aromatic hydrocarbon ͑PAH͒ formation has, on the other hand, long been investigated in astrophysical environments and in particle soot formation during combustion of hydrocarbon flames. Frenklach et al. ͓24, 25 ,53͔ developed a comprehensive chemical kinetic model that describes the initial aromatic ring formation and further PAH growth through the hydrogen-abstraction-C 2 H 2 -addition ͑HACA͒ reaction mechanism in hydrocarbon flames.
However, many of the kinetic constants for the aromatic compound formation reported in the literature were estimated only at the high temperatures and pressures that are of interest for pyrolysis and soot formation, while the plasmas commonly used for the deposition of carbon films usually operate at very low pressures ͑e.g., 0.001-1.0 Torr͒ and at much lower gas temperatures ͑in the order of 300-500 K͒. Therefore, large uncertainties in the rate coefficients often exist and a systematic investigation of all the rate coefficients would be beyond the scope of the present paper. Furthermore, when applied to much lower pressures in circumstellar environments, kinetic models predict a very limited growth of aromatic compounds, i.e., the growth seems only to effectively take place in the relatively narrow high-temperature window of 900-1100 K ͓54͔. Therefore, since the role of cyclic ring generation in the carbonaceous dust production of hydrocarbon plasmas is still unclear and due to the uncertainty arising from the usage of reaction pathways and rate coefficients from the combustion literature, aromatic compounds have not been included in the plasma chemistry model.
C. Diffusion and wall deposition losses
Besides chemical reactions in the gas phase, species can also be lost by diffusion to the discharge walls followed by deposition, i.e., plasma-wall interaction. In order to obtain the overall diffusion coefficient D j in m 2 s −1 of a neutral species j, we first need to determine the binary diffusion coefficients D ij in every background gas i ͑in this case C 2 H 2 and H 2 ͒ ͓49͔,
where k B is the Boltzmann constant, T gas is the gas temperature in kelvin, p tot is the total gas pressure in pascals, m ij is the reduced molecular mass in amu, ij is the binary collision diameter in Å,
and ⍀ D ͑⌿͒ is the diffusion collision integral given by ͓49͔
, and constants A = 1.060 36, B = 0.156 10, C = 0.193 00, D = 0.476 35, E = 1.035 87, F = 1.529 96, G = 1.764 64, and H = 3.894 11.
The overall diffusion coefficient D j can then be calculated by Blanc's law ͓55͔,
where the summation is over every background gas i. The Lennard-Jones parameters i and ⑀ i , i.e., the collision diameter of the species and its potential energy, respectively, are listed in Table V for a few simple hydrocarbon molecules and radicals ͓56͔. Based on these data, the values of other species have been estimated. The parameters for C 2 H 3 were for example obtained by linear interpolation between C 2 H 2 and C 2 H 4 , whereas those for CH 2 were estimated by linear interpolation between CH and CH 4 .
For the ions both a mobility and a diffusion coefficient need to be considered. The ion mobility of an ionic species j in the background gas i ͑in m 2 V −1 s −1 ͒ can be calculated from the low-electric-field Langevin mobility expression ͓55͔
where ␣ i in Å 3 represents the polarizability of the background gas i, also given in Table V and taken from ͓50͔. The overall ion mobility j can then again be obtained by Blanc's law. Finally, the ion diffusion coefficient can be derived from the Einstein relation
where T ion represents the ion temperature, which is assumed to be equal to the gas temperature T gas . The plasma-wall interaction is described by means of a sticking model that ensures that the deposition of species at the walls is taken into account, albeit in a simplified manner. For every species the surface reaction probability is expressed in terms of a sticking coefficient. The model assumes that only the radicals react with the surface, while acetylene and the larger polyunsaturated C 2n H 2 molecules are reflected back into the discharge. For the C 2 H 3 , C 4 H 3 , and C 6 H 3 radicals, the surface sticking coefficient is set to 0.35 ͓57͔, while the CH and CH 2 species have a smaller sticking probability of 0.025 ͓58͔. Ethynyl radicals ͑C 2 H͒ are very reactive toward the surface, resulting in a sticking coefficient of 0.9 ͓57͔. Although no information on the reaction probability of larger polyacetylene radicals C 2n H ͑n =2-6͒ exists, a decrease in plasma-wall reactivity can be expected as the radical mostly sticks to the surface with the outer non-hydrogencarrying carbon atom, which becomes less reachable when the size of the impinging radical increases. Due to their similar structure, the sticking coefficients of larger C 2n H radicals are therefore estimated from the sticking coefficient of the ethynyl radicals, by gradually decreasing the reactivity with increasing size.
Besides their incorporation into the depositing layer, a fraction of every C 2n H radical recombines with a hydrogen atom at the walls and is reemitted into the plasma under the form of a C 2n H 2 molecule. The radicals that mostly dominate the film growth are C 2n H 3 and C 2 H ͓18,59͔. Note that although ethynyl radicals have a much larger sticking coefficient, the deposition process will have to compete with the fast C 2 H insertion reactions in the plasma, resulting in a lower number density for C 2 H in comparison to number densities of the C 2n H 3 molecules ͑see below in Fig. 6͒ .
Besides the radicals, positive ions can also play a role in the deposition process and their sticking coefficient is assumed to be equal to 1. Due to their negative charge, the anions, however, are not able to reach the reactor walls and hence they do not play a direct role as a depositing species.
Finally, note that when a hydrocarbon radical sticks to the surface, only 10% of the hydrogen will be incorporated into the layer. Any additional hydrogen will flow back to the discharge under the form of molecular hydrogen. Hence, every radical adsorption is immediately followed by an adequate amount of H 2 desorption from the surface. 
III. RESULTS AND DISCUSSION
Results presented here are computed for typical conditions that result in particle formation. The conventional PECVD reactor has a parallel-plate discharge geometry with an interelectrode gap of 3 cm. The upper electrode ͑at 3 cm͒ is capacitively coupled to the rf power supply with a driving frequency of 13.56 MHz, while the lower electrode ͑at 0 cm͒ remains electrically grounded. 20 sccm of pure C 2 H 2 is fed into the discharge, which is operated at a low pressure of approximately 40 Pa or 0.3 Torr, a power of 5 W, and a uniform gas temperature of 400 K.
In the first section the results obtained from the discharge model presented above are discussed at the reported discharge conditions and include the density profiles of all species listed in Table I . The deduction of theoretical mass spectra from the positive and negative ion fluxes will be described in Sec. III B, whereas in the last section the role of hydrogen dilution will be discussed.
A. Concentration profiles of the various species
The calculated time-averaged profiles of the electron and most important ion concentrations are represented in Fig. 4 . For clarity, the positive and negative ion density profiles have been plotted separately. The electron number density is displayed on the anion plot in Fig. 4͑b͒ and takes a value of about 5 ϫ 10 14 m −3 . Due to the occurrence of a time variation near the plasma boundaries, period-averaged ion and electron concentrations have been depicted.
For the positive ions, only the most significant concentration profiles are shown in Fig. 1͑a͒ . Ionic C 2 H 2 fragments reaching a concentration of approximately 10 10 -10 11 m −3 , such as H + , C 2 H + , CH + , C 2 + , and C + , are not represented on the plot. For clarity, labels 6, 8, and 10 denote the C 6 H 4 + , C 8 H 6 + , and C 10 H 6 + species, respectively. The most dominant carbonaceous cation is found to be C 4 H 2 + followed by C 6 H 2 + and C 6 H 4 + . This result is consistent with the most abundant positive ions observed in the cation mass spectrum, which seems to peak at C 4 and C 6 containing ions ͓see Fig. 1͑a͔͒ . Since the largest species considered in our model contain 12 carbon atoms, the clustering processes are stopped at C 12 H 6 + cations, which can, hence, only be lost by neutralization reactions in the gas phase or by drift and diffusion toward the reactor walls. Therefore, this species attains a concentration of the order of 1.2ϫ 10 16 m −3 and symbolizes the summation of all larger cations. Note that ionic profiles from the principal condensation pathway ͑i.e., C 2 H 2 + → C 4 H 2 + → C 6 H 4 + → C 8 H 6 + → C 10 H 6 + → ...͒ exhibit a lower density in the plasma bulk. This decrease in density is a direct consequence of the loss of species due to fast polymerization reactions with C 2 H 2 that cannot be as quickly compensated by the slow movement of positive ions toward the plasma center. The last C 12 H 6 + density plot does not reveal this specific shape, since no reaction is included that leads to the formation of a C 14 H 8 + succeeding cation. Finally, the H 2 + ions, formed by ionization of H 2 , also react with C 2 H 2 at a rate close to the collision limit ͑see reaction 4, Table III͒ and obtain a density that is more than two orders of magnitude lower than the C 2 H 2 + density, i.e., 2 ϫ 10 11 m −3 ͓not shown in Fig. 4͑a͔͒ .
A second pathway involving negative ions can be distinguished in the anion plot in Fig. 1͑b͒ . The label on every concentration profile refers to the number of carbon atoms present in the respective C 2n H − anion. Due to their negative charge, all anions are confined to the center of the plasma and are almost absent in the plasma sheaths. Apart from the last accumulating stage, i.e., C 12 H − , a general decreasing trend can be observed with increasing carbon atom number, which is in good agreement with the experimental observations shown in Fig. 1͑b͒ and in ͓36͔ where the same trend can be detected. Similar to C 12 H 6 + , no subsequent growth of C 12 H − to larger anions has been incorporated, and its formation yield is therefore around one order of magnitude higher than the smaller negative ions. In this case mutual neutralization with mainly the most abundant C 12 H 6 + and C 4 H 2 + positive ions forms the only possible loss process. In contrast to the cation plot, the repetitive insertion of acetylene in the consequent C 2n H − anion advances at the slower rate constant of 10 −18 m 3 s −1 , resulting in the production of higher concentrations of intermediate hydrocarbon negative ions in comparison to the intermediates in the cation chain, where all reactions proceed at a rate close to the collision limit ͑see reactions in Table III͒ . The total sum of all positive and negative ions, however, remains the same.
Hence, from the above we can conclude that two different pathways involving either hydrocarbon positive or negative ions can be distinguished which can lead to the formation of higher-order hydrocarbon cations and anions, respectively. Thus both positive ions, starting from C 2 H 2 + , and negative ions, starting from C 2 H − , may participate as precursors in the initial stage of particle formation in acetylene discharges. One major difference is, however, that the negatively charged species will remain trapped in the discharge due to the action of the ambipolar potential, resulting in much longer residence times that favor their further growth toward nano-and micrometer-sized particles. The positive ions, on the other hand, can be efficiently evacuated over the plasma sheaths. Hence, the positive ion clustering sequence will have to compete with the efficient loss of cations toward the reactor walls and thus the subsequent smaller residence times of the positive ions in the plasma, which are generally of the order of 10 −5 s. When the particles eventually reach the nanometer area they will in any case acquire a negative charge due to the collection of plasma ions and electrons ͓27͔.
The concentrations of molecular hydrogen and the most important hydrocarbon molecules, i.e., C 2 H 2 and C 2n H 2 ͑with n Ͼ 1͒ are provided in Fig. 5 . Due to their unreactivity at the discharge walls, the density profiles are homogeneously distributed throughout the entire reactor and generally exceed the radical concentrations, shown in Fig. 6 . The highest gaseous products present in the C 2 H 2 discharge are acetylene ͑C 2 H 2 ͒, diacetylene ͑C 4 H 2 ͒, and molecular hydrogen ͑H 2 ͒. The densities of these species are around one order of magnitude higher in comparison to the larger unsaturated polyacetylenes with the general formula H u ͑C w C͒ n u H ͑with n =3, ... ,6͒. The feedstock gas C 2 H 2 is present at the highest density and takes a value of about 4 ϫ 10 21 m −3 . Although molecular hydrogen is not fed into the reactor, the H 2 molecules also exhibit a relatively high density of roughly 1.8ϫ 10 21 m −3 . This is due to the fact that many of the chemical reactions shown in Tables III and IV lead to the extraction of molecular hydrogen. Further H 2 production is also provided from H 2 release at the discharge walls due to the plasma-wall interactions of various hydrocarbon radicals ͑see above͒. For the larger polyunsaturated hydrocarbon molecules, the diacetylene generation especially cannot be neglected. This finding is in contrast with the neutral products found in methane, ethane, and ethylene systems, where for the neutral compounds no species containing more than two carbon atoms can be detected ͓16,21͔. In the present acetylene discharge, C 4 H 2 is found to comprise about 4% of the total gas mixture. The presence of these high concentrations of larger neutral gas products in acetylene discharges has also been measured in the mass spectrometry studies of Doyle ͓18͔ and Vasile et al. ͓21͔ . Again, apart from the final accumulating stage ͑i.e., C 12 H 2 ͒, a general decreasing trend FIG. 5 . Calculated number density profiles of C 2 H 2 , H 2 , and the parent higher-order hydrocarbon molecules C 2n H 2 in a capacitive rf acetylene discharge operated at 13.56 MHz, 40 Pa, and 5 W. for the higher-mass hydrocarbons can be observed, where C 2n H 2 is generated through the repetitive insertion of C 2 H in the previous C 2n−2 H 2 hydrocarbon molecule ͑see Fig. 3 or reactions 1-5 in Table IV͒. Finally, radicals exhibiting a decreasing concentration profile toward the reactor walls are illustrated in Fig. 6 . Besides the occurrence of mainly carbon-rich species ͑C n H m with n Ͼ m͒, atomic hydrogen, produced from molecular hydrogen dissociation and chemical hydrogen abstraction reactions, seems to be present at the relatively high amount of 2 ϫ 10 18 m −3 . For the carbonaceous species, C 2n H 3 ͑with n =1-3͒ are the most important radicals in the acetylene discharge, exhibiting a density of the order of 3.5ϫ 10 18 m −3
͑C 2 H 3 and C 4 H 3 ͒ and 8.7ϫ 10 17 m −3 ͑C 6 H 3 ͒. These large amounts of C 2n H 3 radicals are also found in experimental measurements of low-pressure acetylene reactors ͓18,60͔, and, hence, imply that the C 2n H 3 can play a dominant role in the film growth. Although the ethynyl radicals ͑C 2 H͒ obtain a much lower number density in the plasma bulk ͑i.e., 1.6ϫ 10 16 m −3 ͒, these species will also largely contribute to the film growth due to their very high plasma-wall reactivity, which is envisioned by their steep decline toward the discharge surface. The small decrease in the density profiles of all C 2n H radicals ͑n =1-5͒ at the plasma center can again be attributed to fast C 2 H 2 insertion reactions. C 12 H, on the other hand, can only be lost by deposition at the walls and by reactor pumping. Finally, the smallest hydrocarbon radicals methylidyne ͑CH͒ and methylene ͑CH 2 ͒ are present in the nominal amounts of 6.7ϫ 10 13 and 1.1ϫ 10 14 m −3 , respectively, and show the least reactivity at the plasma walls.
B. Positive and negative ion mass spectra
From the fluxes of the positive ions toward the reactor walls we can deduce a theoretical positive ion mass spectrum, which is depicted in Fig. 7 . It includes all the incorporated positive ions of our model and ranges up to 150 amu. Since the number of species in our model is limited, the variation in the hydrogen content of the large molecules is less than in the experiment. Note that every peak in the spectrum is normalized with respect to the C 4 H 2 + hydrocarbon cation, which has the maximum intensity. A quantitative comparison with the experimental mass spectrum of Deschenaux et al. ͓Fig. 1͑a͔͒ provides for a relatively good agreement, where the maximum amplitude for even carbon atom numbers is often separated by a mass difference of 24 amu: 26-50-74 and 102-126-150. The calculated C 2 H 2 + peak relates almost in the same way to the C 4 H 2 + peak and a comparable decreasing trend toward larger hydrocarbon positive ions can be detected. We have to bear in mind, however, that the experimentally obtained plots by Deschenaux et al. are uncorrected for any mass-dependent falloff in the sensitivity of the spectrometer, which may lead to discrepancies at higher masses in the spectrum. Note that the masses 43 and 59 in the experimental mass spectra represent acetone ͑CH 3 -O-CH 3 ͒ impurity, which is often used to stabilize the acetylene gas.
For the negative ions a correct anion flux can only be obtained when the discharge is switched off ͑i.e., by applying a zero rf voltage in our model͒ in order to enable the negatively charged species to escape from the discharge. Similarly, experimental mass spectrometry can only detect negative ions in the pulsed discharge mode, where the modulation frequency has to be below 10 kHz such that the discharge sheaths have sufficient time to collapse ͓36͔. Figure 8 displays the theoretical anion mass spectrum, where all peaks have been normalized with respect to the C 2 H − peak. Exact agreement with the measured spectrum is not reached, because the calculated C 2 H − and C 4 H − peaks appear to be over- estimated. However, the gradually decreasing trend toward higher polymerized anions can again be detected.
C. Hydrogen dilution
In this last section the role of molecular hydrogen on the polymerization process is investigated. We have already shown that even without the introduction of an additional molecular hydrogen gas flow, H 2 molecules are found in very large quantities in acetylene discharges ͑see Fig. 5͒ . In order to assess the effect of hydrogen dilution on the yield of highly polymerized ions, calculations have been performed for six different amounts of hydrogen dilution. In Fig. 9 the calculated bulk densities of the highest polymerized ions of the positive and negative ion polymerization pathway, i.e., C 12 H 6 + and C 12 H − , are plotted as a function of hydrogen dilution. The result clearly shows that for the same operating conditions and the same absolute acetylene gas flow, a higher molecular hydrogen dilution decreases the abundancies of the higher-order hydrocarbon ions. Molecular hydrogen, and indirectly also atomic hydrogen, can thus have a strong influence on the plasma chemistry and on the particle growth. The suppression of higher-mass hydrocarbon ions has also been experimentally observed under similar conditions in ͓61͔ and in inductively coupled acetylene discharges where the flowing afterglow of a second molecular hydrogen discharge is used to inject atomic hydrogen into the main plasma vessel ͓62͔. Hydrogen can thus act as an inhibitor on the successive polymerization reactions and may be efficiently used as a suppression method for the production of undesirable contaminants in certain technological applications.
IV. SUMMARY AND CONCLUSIONS
A detailed chemical kinetics scheme has been developed in order to predict the first stage of carbonaceous dust formation in a capacitively coupled rf acetylene discharge. In the applied 1D fluid model the nucleation chemistry is described by 92 volume reactions involving 20 neutral ͑mol-ecules and radicals͒ and 21 charged species ͑positive ions, negative ions, and electrons͒. Due to the pair of strongly bound carbon atoms of the initial acetylene molecule that persists upon successive integration of acetylene in larger building units, mainly even-numbered hydrocarbons ͑C 2n H m ͒ have been incorporated that include up to a maximum of 12 carbon atoms. Several possible routes that may underlie the carbonaceous dust growth have been discussed. First electron-induced reactions ͑ionization, dissociation, attachment, and vibrational excitation͒ determine the decomposition of the C 2 H 2 feed gas toward reactive precursors, which can then trigger the formation of larger hydrocarbon species by means of consecutive polymerization reactions that generally evolve by the stepwise insertion of acetylene molecules.
From our model it was found that both positive ions, starting from C 2 H 2 + , and negative ions, starting from C 2 H − , may participate as precursors in the initial stage of particle formation in acetylene discharges, since both species can lead to the same substantial buildup of highly polymerized cations and anions, respectively. Anions, however, will remain trapped in the plasma due to their negative charge and have thus a larger chance to finally end up in powder formation. The acquired results have also been compared with the experimentally observed mass spectra of Deschenaux et al., where the same trends and thus a relatively good agreement could be observed.
Finally, in concurrence with experimental measurements, a larger amount of hydrogen dilution causes a decrease in the densities of the highest polymerized positive and negative ions. This suggests that molecular hydrogen acts as an inhibitor on the successive polymerization reactions that lead to the formation of higher-mass hydrocarbon ions.
